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Abstract. The mean square relative displacement parallel to the bond direction
(parallel MSRD) is directly measured by the EXAFS Debye-Waller exponent. For
crystals, the comparison of the thermal expansions measured by EXAFS and by
Bragg diffraction allows one to obtain also the perpendicular MSRD. The ellipsoid
of relative thermal displacements is anisotropic with respect to the bond direction
for all studied systems. The quantitative study of anisotropy gives original insights
on the local lattice dynamics and can be exploited to investigate the vibrational
mechanism of negative thermal expansion in crystals. The basic theory is here re-
viewed and the results of some recent experimental studies on crystals with the
diamond-zincblende structure are critically compared.

1.1 Introduction

The comprehension of the effects of thermal disorder on extended X-ray ab-
sorption fine structure (EXAFS) has been progressively refined since the Sev-
enties. In the first pioneering works [1, 2], the Debye-Waller exponent σ2 was
identified as the mean square relative displacement (MSRD) parallel to the
bond direction and expressed in terms of eigenfrequencies and eigenvectors
of the dynamical matrix of crystals. The difference between the Debye-Waller
factors of EXAFS and of diffraction due to correlation effects was stressed and
the correlated Debye and Einstein models were introduced. The relevance of
asymmetry in the nearest neighbour distance distribution was early there-
after recognised [3]; a parametrised model based on the cumulant expansion
was introduced [4, 5], which proved to be particularly effective when dealing
with relatively weak thermal disorder. Various theoretical treatments were
developed, based on different approches [6–15].

In the last years, the increase of experimental accuracy and the progress of
analysis techniques led to the possibility of detecting the difference between
the local thermal expansions measured by EXAFS and by Bragg diffraction in
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crystals and to the consequent evaluation of the perpendicular MSRD [16,17].
As a result, it is now possible to reconstruct the ellipsoid of relative thermal
vibrations of the absorber and backscatterer atoms, which has been found to
be disc-shaped with respect to the bond direction in all systems studied up to
now. The degree of anisotropy of the relative ellipsoids, which depends on the
difference of correlation parallel and perpendicular to the bond, gives original
insights on the local lattice dynamics and has been exploited to study the
local origin of negative thermal expansion in crystals [18,19].

An updated introductory treatment of thermal effects in EXAFS spectra
can be found in Ref. [20]. Here, after a synthetic theoretical introduction
(Sect. 1.2), an account is given of recent experimental results concerning the
effects of thermal vibrations in some selected semiconductors (Sect. 1.3). The
difference between bond-lengths measured by EXAFS and Bragg diffraction
is discussed in Sect. 1.4 and the applications to the study of negative thermal
expansion in crystals is presented in Sect. 1.5.

1.2 Theory

The information available from a single-scattering analysis of EXAFS spec-
tra is intrinsically one-dimensional. For a given coordination shell, EXAFS
samples an effective distribution P (r, λ) = ρ(r) exp(−2r/λ)/r2, where ρ(r) is
the real distribution of inter-atomic distances and λ(k) is the photo-electron
mean free path (Chap. 1). For relatively weak thermal disorder, both distribu-
tions, real and effective, can be parametrised in terms of their cumulants [4,5]
Ci and C ′i, respectively. The relation between Ci and C ′i can be expressed by
a recursion formula [21]; in practice, the difference is generally significant only
for i = 1. The leading cumulants can be obtained by a careful analysis of EX-
AFS spectra, better if measured as a function of temperature [16, 17]. (Note
that, due to a different convention, the cumulants of the real and effective
distribution are elsewhere labelled as C∗i and Ci, respectively [16,17,21]).

We review here the connection between the cumulants Ci of the one-
dimensional real distribution of distances and the structural and dynamical
properties of a three-dimensional crystalline system.

Let R0 be the distance between absorber and backscatterer atoms (a and b,
respectively), ideally frozen at their rest positions, and let ua and ub be their
instantaneous vibrational displacements with respect to the rest positions,
due to zero-point plus thermal energy. The instantaneous inter-atomic vector
distance r can be expressed as

r = R0 +∆u , (1.1)

where ∆u = ub − ua is the relative displacement. It is convenient [22] to
consider the projections of ∆u along the bond direction ∆u‖ and in the per-
pendicular plane ∆u⊥ (Fig. 1.1), defined by the following equations:
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∆u‖ = R̂0 ·∆u , ∆u2
⊥ = ∆u2 −∆u2

‖ . (1.2)

An EXAFS spectrum corresponds to sampling, by a large number of pho-
toelectrons, a correspondingly large number of instantaneous configurations
created by zero-point and thermal motions. The quantities measured by EX-
AFS are thus expressed as canonical averages.
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Fig. 1.1. Schematic representation of the relation between the equilibrium distance
R and the instantaneous distance r = R + ∆u between the absorber atom A
and the backscatterer atom B. The ellipsoid of relative displacements is light grey.
Equations (1.2) project the relative instantaneous displacement ∆u (arrow) along
the R̂ direction (thick line) and in the perpendicular plane (dark grey).

Average distance

The average inter-atomic distance, directly measured by the first EXAFS
cumulant C1, is [17]

C1 = 〈r〉 ' R0 + 〈∆u‖〉+ 〈∆u2
⊥〉/2R0 , (1.3)

where R0 + 〈∆u‖〉 = Rc is the crystallographic distance, measured by Bragg
diffraction experiments. In the harmonic approximation, 〈∆u‖〉 = 0 and there
is no crystallographic thermal expansion. For an anharmonic crystal, the term
〈∆u‖〉 increases with temperature, and accounts for the crystallographic ex-
pansion.

In terms of the average vector positions of the absorber and backscatterer
atoms, 〈ra〉 and 〈rb〉, respectively, the average distance measured by EXAFS
and the crystallographic distance have different expressions:

〈r〉 = 〈|rb − ra|〉 Rc = |〈rb〉 − 〈ra〉| , (1.4)

Rc being the distance between average atomic positions. Eq. (1.3) shows that
the average distance 〈r〉 is always larger than the crystallographic distance,
owing to the presence of the perpendicular MSRD in the last term. Moreover,
the difference increases with temperature, so that the thermal expansion mea-
sured by EXAFS is larger than the thermal expansion measured by Bragg
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diffraction or by dilatometric techniques. For nearest-neighbour atoms, the
two distances 〈r〉 and Rc have been recently referred to as “true” and “ap-
parent” bond-lengths , respectively, and their temperature dependencies as
true and apparent bond expansions [23]. The possibility of directly measuring
the true bond expansion by EXAFS represents the solution of an old crys-
tallographic problem, which has been for a long time faced by approximate
models, such as the riding model or the TLS model [24].

Parallel MSRD

The second cumulant C2, say the variance σ2 of the distribution of distances,
corresponds to a good degree of accuracy to the mean value 〈∆u2

‖〉, and is
now generally referred to as parallel MSRD [25]:

C2 = σ2 = 〈∆u2
‖ 〉 =

〈[
R̂ · (ub − ua)

]2〉
. (1.5)

The parallel MSRD can be expanded into the sum of three terms [1]

〈∆u2
‖ 〉 = 〈(R̂ · ub)2〉 + 〈(R̂ · ua)2〉 − 2 〈(R̂ · ub)(R̂ · ua)〉. (1.6)

The first two terms are the independent mean square displacements (MSD)
of atoms a and b along the bond direction, which can be calculated from the
atomic displacement parameters (ADP) obtained by the refinement of Bragg
diffraction patterns [26]. The third term, the displacement correlation function
(DCF), depends on the correlation of atomic motions. The correlation term
DCF is relatively large for the first shell and significantly smaller for the
second and outer shells, reducing to zero at large distances.

In the harmonic approximation, the parallel MSRD of a crystal is con-
nected to the eigenvalues ω(q, s) and eigenvectors w(q, s) of the dynamical
matrix by

〈∆u2
‖ 〉 =

1
N

∑
q,s

〈|Q(q, s, t)|2〉
∣∣∣∣(wb(q, s)eiq·R

√
mb

− wa(q, s)
√
ma

)
· R̂

∣∣∣∣2 (1.7)

where q are the normal mode wavevectors, s are the branch indexes, N is
the number of primitive cells and Q(q, s, t) is the normal coordinate of mode
(q, s). The parallel MSRD peculiarly depends on the phase relations between
eigenvectors, on their projections on the bond direction R̂ and on the inter-cell
phase relation eiq·R.

Eq. (1.7) is of no practical use in EXAFS analyses. The temperature de-
pendence of the parallel MSRD can be satisfactorily fitted to a correlated
Debye Model [1, 2, 27]

σ2
D =

3h̄
ω3

Dm

∫ ωD

0

dω ω coth
h̄ω

2kT

[
1− sin(qDR)

qDR

]
, (1.8)
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where qD is the radius of the Debye sphere and the Debye frequency ωD is the
only parameter of the model. The Debye frequency corresponds to a Debye
temperature ΘD = h̄ωD/kB . For copper, as generally expected for monatomic
Bravais crystals, the Debye temperatures of different coordination shells are
reasonably similar [17] and in good agreement with the Debye temperatures
of specific heat and of X-ray diffraction. For crystals with more than one
atom per primitive cell, such as tetrahedral semiconductors, different Debye
temperatures are expected for different coordination shells.

Alternatively, the temperature dependence of the parallel MSRD can be
fitted to an Einstein model [2]:

〈∆u2
‖ 〉 = (h̄/2µω‖) coth(h̄ω‖/2kT ) (1.9)

where µ is the reduced mass of the absorber–backscatterer atomic pair and
the Einstein frequency ω‖ is the only parameter of the model. The Einstein
frequencies of different coordination shells are expected to be different also for
monatomic Bravais crystals. The advantages of the Einstein model are its sim-
plicity and the possibility of obtaining an effective force constant k‖ = µ(ω‖)2,
which measures the strength of the bond between the absorber and backscat-
terer atoms embedded in the three-dimensional system. The force constant
k‖ refers to an effective pair potential that depends on the statistically aver-
aged influence of all the other atoms and cannot be identified with the force
constant of a single-bond potential [29].

The extent of correlation of the vibrations of absorber and back-scatterer
atoms can be measured by a dimensionless function of temperature [30,31]

φ‖(T ) =
〈(R̂ · ub)2〉+ 〈(R̂ · ua)2〉 − 〈∆u2

‖ 〉

2[〈(R̂ · ub)2〉〈(R̂ · ua)2〉]1/2
. (1.10)

A value φ‖ = 0 corresponds to a completely uncorrelated motion of the two
atoms. Values φ‖ = 1 and φ‖ = −1 correspond to atomic motions perfectly in
phase and in opposition of phase, respectively.

Perpendicular MSRD

The perpendicular MSRD 〈∆u2
⊥ 〉 cannot be directly obtained from EXAFS

spectra. It can however be calculated by inverting (1.3), provided Rc = R0 +
〈∆u‖〉 is known from Bragg diffraction measurements.

In the harmonic approximation, the perpendicular MSRD of a crystal can
be connected to the eigenvalues ω(q, s) and eigenvectors w(q, s) of the dy-
namical matrix by an expression similar to (1.7) [32]. It is worth remembering
that different dynamical matrices can exist, sharing the same eigenfrequencies
but with different eigenvectors [33]. The reproduction of parallel and perpen-
dicular MSRDs, experimentally obtained from EXAFS, represents a peculiar
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test for the phase relationships between eigenvectors obtained from model
calculations or ab-initio [34].

The temperature dependence of the perpendicular MSRD 〈∆u2
⊥〉 is repro-

duced by an Einstein model [32]

〈∆u2
⊥ 〉 = (h̄/µω⊥) coth(h̄ω⊥/2kT ) , (1.11)

the only difference with respect to (1.9) being that µ is substituted for 2µ to
account for the different dimensionality (projection along a line and within
a plane for parallel and perpendicular MSRD, respectively). Also the per-
pendicular Einstein frequency can be connected to an effective force constant
k⊥ = µ(ω⊥)2. Finally, a perpendicular correlation function can be defined by
substituting 〈∆u2

⊥〉/2 for 〈∆u2
‖〉 in the numerator of (1.10):

φ⊥(T ) =
〈(R̂ · ub)2〉+ 〈(R̂ · ua)2〉 − 〈∆u2

⊥ 〉/2
2[〈(R̂ · ub)2〉〈(R̂ · ua)2〉]1/2

. (1.12)

The division of 〈∆u2
⊥ 〉 by 2, here and in the following, projects the perpen-

dicular MSRD along one direction.

Relative vibrational anisotropy

The knowledge of both parallel and perpendicular MSRDs allows one to recon-
struct the ellipsoid of relative thermal vibrations of the pair of absorber and
backscatterer atoms (assuming that the perpendicular vibrations are isotropic
within the plane perpendicular to the bond). For all systems up to now in-
vestigated, the ellipsoid of relative vibrations has always been found to be
anisotropic and disc-shaped, say 〈∆u2

⊥〉/2 > 〈∆u2
‖〉.

The degree of anisotropy of relative vibrations is measured by the ratio
γ = 〈∆u2

⊥〉/2〈∆u2
‖〉. Since parallel and perpendicular MSRDs are charac-

terised by different Einstein frequencies, the ratio γ is generally tempera-
ture dependent (Sect. 1.3, Fig. 1.4). A temperature-independent measure of
anisotropy, corresponding to the asymptotic behaviour of γ for T → ∞, is
the ratio of parallel to perpendicular effective force constants, ξ = k‖/k⊥ [35].
For perfectly isotropic relative vibrations, ξ = 1. The anisotropy of relative
vibrations is a consequence of the different degree of correlation of atomic
motion parallel and perpendicular to the bond.

1.3 Experimental results on vibrational anisotropy

The comparison of the bond thermal expansions measured by EXAFS and by
Bragg diffraction has been done for a number of different systems character-
ized by different structures: copper [17], germanium [16] and crystals with the
structures of zincblende [19, 21, 28, 36], cuprite [26], delafossite [35]. Relative



1 Vibrational Anisotropy 7

values of both parallel and perpendicular MSRDs with respect to a reference
temperature have been obtained, according to (1.3) and (1.5), as:

δ〈∆u2
‖〉 = δC2 , δ〈∆u2

⊥〉 = 2Rc(δC1 − δRc) (1.13)

Absolute values of the MSRDs have been calculated by fitting Einstein
correlated models (1.9) and (1.11) to the temperature dependence of the ex-
perimental data [32]. The MSRDs from EXAFS have been compared with the
uncorrelated MSDs from diffraction, when available.

1.3.1 The case of CdTe

An example particularly suitable to illustrate the effects of thermal disorder
on EXAFS of semiconductors is represented by CdTe, for which high qual-
ity EXAFS data were measured from liquid helium to room temperature at
both the Cd and Te K edges [19]. The availability of data measured at two
different edges, at different times and different synchrotron beamlines and the
comparison of results obtained by different data analysis procedures allowed
a self-consistent evaluation and discussion of the uncertainty of results [37].

The coefficient of apparent thermal expansion of the Cd–Te distance in
CdTe, proportional to the lattice expansion, is negative below T ' 65 K,
and above 150 K is nearly constant, αapp ' 4.3 × 10−6 K−1 [38, 39] . The
coefficient of true expansion, measured by EXAFS [19], is instead positive
at all temperatures, αtru ' 18 × 10−6 K−1, much larger than αapp (Fig. 1.6,
right).
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Fig. 1.2. Left panel: Parallel MSRD (circles) and halved perpendicular MSRD
(diamonds) for the first shell of CdTe; solid and open symbols refer to the Te and
Cd edges, respectively; the squares are the sums of the Cd and Te MSDs from [40].
The dashed lines are the best-fitting Einstein models. Right panel: Parallel and
perpendicular standard deviations σ‖ = [〈∆u2

‖〉]1/2 and σ⊥ = [〈∆u2
⊥〉/2]1/2.
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The first-shell parallel MSRD 〈∆u2
‖〉 and the halved perpendicular MSRD

〈∆u2
⊥〉/2 of CdTe are shown in the left panel of Fig. 1.2, together with the

sum of the MSDs of Cd and Te, 〈(R̂ · uCd)2〉 + 〈(R̂ · uTe)2〉, calculated from
the diffraction data of [40]. The MSDs and MSRDs are well fitted by Ein-
stein models (dashed lines in Fig. 1.2). The ratio of perpendicular to parallel
MSRDs is a measure of anisotropy. By comparing the MSRDs with the sum
of the MSDs, one can connect the anisotropy with the degree of correlation.

The MSRDs have the dimension of an area. They are suitable quanti-
ties for lattice dynamical interpretations, in view of their Einstein-like be-
haviour, which tends asymptotically to the classical linear behaviour at high
temperatures. More direct physical insight is given by the standard deviations
σ‖ = [〈∆u2

‖〉]
1/2 and σ⊥ = [〈∆u2

⊥〉/2]1/2, which have the dimension of length
and directly measure the size of the relative thermal ellipsoids. The standard
deviations for the first shell of CdTe are shown in the right panel of Fig. 1.2:
the non negligible extent of zero-point vibrations with respect to thermal ef-
fects is evident. Standard deviations can be visually represented in real space.
A pictorial comparison of the information from diffraction and from EXAFS
is given in Fig. 1.3, where the absolute and relative thermal ellipsoids for the
temperature of 300 K are shown on the same scale of the inter-atomic distance.

!"# $%#
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Fig. 1.3. Pictorial representation of the thermal ellipsoids for CdTe at 300 K. The
inter-atomic distance is R = 2.8 Å. The standard deviations are σCd = 0.15 Å and
σTe = 0.13 Å for the MSDs and σ‖ = 0.085 Å and σ⊥ = 0.18 Å for the MSRDs.

The anisotropy, measured by the ratio γ = 〈∆u2
⊥〉/2〈∆u2

‖〉, depends on
temperature (Fig. 1.4, left panel). The high-T asymptotic value of γ is ξ =
k‖/k⊥ = 4.6 for CdTe. An alternative measure of anisotropy is the ratio
of the standard deviations σ⊥/σ‖, which for CdTe tends asymtpotically to
ξ1/2 = 2.14 (also shown in Fig. 1.4, left panel).

The anisotropy of relative vibrations depends on the different degree of
correlation along the bond direction and within the perpendicular plane, mea-
sured by the φ(T ) functions of Eq. (1.10) and Eq. (1.12), respectively. Since
the experimental values of MSRD and MSD had been measured at different
temperatures, the correlation functions φ(T ) have been evaluated using the
best-fitting Einsten models; the results are shown in Fig. 1.4 (right panel). The
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Fig. 1.4. Left panel: anisotropy of the relative vibrations in CdTe measured by
the ratios between the MSRDs (circles) and between the standard deviations (di-
amonds); solid and open symbols refer to Te and Cd K edges, respectively. Right
panel: correlation functions φ‖(T ) (continuous line) and φ⊥(T ) (dashed line) calcu-
lated from the Einstein models best fitting the MSDs and MSRDs for the first shell
of CdTe.

Table 1.1. Parallel and perpendicular Einstein effective force constants k and
anisotropy parameters ξ = k‖/k⊥ for the first shell of some selected systems, com-
pared with ionicity and mass ratio.

Cu [17] Ge [16] GaAs [28] InP [36] CdTe [19] CuCl [21]

Ionicity [41] 0 0 0.31 0.421 0.675 0.746

Mh/Ml 1 1 1.07 3.71 1.421 1.791

k‖ (eV/Å2) 3.2 8.5 7.02 6.65 3.71 1.4

k⊥ (eV/Å2) 2.6 2.9 1.85 1.11 0.81 0.26

ξ = k‖/k⊥ 1.2 2.9 3.8 6.0 4.6 5.4

high-temperature asymptotic value for the parallel correlation, φ‖ = 0.82, is
significantly higher than the value for the perpendicular correlation, φ⊥ = 0.2.

1.3.2 Comparison of diamond and zinblende structures

The possibilities offered by the study of parallel and perpendicular MSRDs
are highlighted by the comparison of different crystals with the diamond or
zincblende structure.

First coordination shell

The nearest-neighbours effective force constants k‖ and k⊥ and the anisotropy
parameter ξ = k‖/k⊥ are listed in Table 1.1 as a function of both the ionicity
[41] and the ratio of the masses of the heavier to the lighter atom, Mh/Ml.
Copper is added in the first column for comparison.
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Fig. 1.5. Results for the first shell of crystals with the diamond or zincblende
structure. Top panels: parallel (solid circles) and perpendicular (solid squares) force
constants (left) and correlation function at 300 K (right), plotted as a function of
ionicity; the dashed lines are a guide to eye. Bottom panels: anisotropy parameter
ξ1/2 as a function of both ionicity (left) and of mass ratio (right). In all panels, the
open symbols are the values for Cu.

For the diamond-zincblende crystals, a clear correlation exists between
ionicity and the effective force constants: both parallel and perpendicular
force constants decrease when the ionicity increases (Fig. 1.5, top left). For
the tetrahedral semiconductors, the parallel force constants (solid circles) are
much larger and significantly more dependent on ionicity than the perpen-
dicular force constants (solid squares). For copper, the difference between
parallel and perpendicular force constant is instead quite small (open sym-
bols). The first-shell parallel force constant is much larger in germanium than
in copper. This difference, which decreases when the ionicity increases in the
other tetrahedral semiconductors, can be attributed to the difference between
the totally or partially covalent bonds of tetrahedral semiconductors and the
metallic bond of copper. The first-shell perpendicular force constant is instead
very similar in Ge and in Cu, and, for the other tetrahedral semiconductors,
still decreases when ionicity increases. This behaviour can be qualitatively
attributed to the open structure of semiconductors, which favours the per-
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pendicular relative vibrations of neighbouring atoms in spite of the relative
bond rigidity. The smaller lateral rigidity of the metallic bond with respect to
the covalent bond is compensated by the closer packing of the fcc structure.

The anisotropy parameter ξ1/2 exhibits an average positive trend as a
function of ioinicity (Fig. 1.5, bottom left). The scattering of data with respect
to a smooth behaviour can be correlated to the different mass ratios Mh/Ml

of the studied compounds: the larger the mass ratio, the larger the anisotropy
(Fig. 1.5, bottom right). For copper, the relative thermal vibrations are only
weakly anisotropic, ξ1/2 ' 1.1 (open circles).

The parallel and perpendicular correlation functions φ(T ) evaluated for
T = 300 K are shown in Fig. 1.5 (top right). The parallel correlation (solid
circles) is stronger than the perpendicular correlation (solid squares), and
quite independent of ionicity, while the perpendicular correlation exhibits an
average decreasing trend. For copper, the parallel correlation (open circle) is
only slightly larger than the perpendicular correlation (open square).

The anisotropic behaviour of relative atomic vibrations for some systems
has been recently reproduced by the ab initio calculations performed by Vila
et al. [34]. The calculated values of the asymptotic ratios

lim
T→∞

〈∆u2
⊥〉/〈∆u2

‖〉 = 2ξ

are 2.36 for Cu at 500 K and 7.2 for diamond lattices at 600 K, in agreement
with the experimental values: 2.2 for Cu, from 5.8 and 12 for tetrahedral
semiconductors (Table 1.1).

Outer coordination shells

Further information can be obtained from the analysis of the parallel MSRD
of the outer coordination shells.

The parallel effective force constants k‖ and the Debye temperatures ΘD

for the different pairs of absorber-backscatterer atoms are listed in Table 1.2
and Table 1.3, respectively. In the Debye model for the tetrahedral semicon-
ductors, an extended first Brillouin zone has been considered.

For copper, the Debye temperatures of the different shells are very similar,
while for the tetrahedral semiconductors the Debye temperatures are strongly
dependent on the shell, the most significant difference being between the first
and the second shell (Table 1.3). The differences of force constants between
the different shells are still stronger for tetrahedral semiconductors, and not
negligible even for copper (Table 1.2).

The values of the parallel and perpendicular correlation functions for the
first shell and of the parallel correlation function for the outer shells, evalu-
ated at T = 300 K, are listed in Table 1.4. For Cu and CdTe, good quality
experimental MSD data are available in the literature [40, 42, 43]. For GaAs
and Ge we refer to theoretical calculations [44, 45]. For InP, the perpendicu-
lar MSRD values are quite scattered, and the comparison is made with the
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Table 1.2. Parallel effective force constants k‖ (in eV/Å2) for the first and outer
shells of different crystals. For the 2nd shells of binary compounds, the first and
second lines refer to the lightest pair (Ga-Ga, Cd-Cd) and to the heaviest pair (As-
As, Te-Te, In-In), respectively.

Shell Cu [17] Ge [16] GaAs [28] InP [36] CdTe [19]

1 3.20 8.15 7.02 6.65 3.71

2 1.97 2.48 2.30 0.91

2.68 2.09 1.29

3 2.40 2.18 1.75 1.74 0.85

4 2.33

Table 1.3. EXAFS Debye temperatures (in K) for the first and outer shells of
different crystals. For the 2nd shells of binary compounds, the first and second lines
refer to the lightest pair (Ga-Ga, Cd-Cd) and to the heaviest pair (As-As, Te-Te,
In-In), respectively.

Shell Cu [17] Ge [16] GaAs [28] InP [36] CdTe [19]

1 328 460 402 416 228

2 283 299 230 114

240 171 126

3 322 290 195 203 105

4 321

Table 1.4. Correlation functions φ‖ and φ⊥ at T = 300 K for different crystals. For
the 2nd shells of binary compounds, the first and second lines refer to the lightest
pair (Ga-Ga, Cd-Cd) and to the heaviest pair (As-As, Te-Te, In-In), respectively.

Shell Cu [17] Ge [16] GaAs [28] InP [36] CdTe [19] CuCl [21]

φ‖ 1 0.46 0.77 0.76 0.82 0.83 0.82

2 0.14 0.18 0.32 0.33

0.44 0.42 0.41

3 0.24 0 0.14 0.37 0.27

4 0.23

φ⊥ 1 0.36 0.37 0.18 0 0.13 -0.2

experimental MSD data of [46]. For CuCl, the data are limited to the first
shell, perpendicular MSRD values at 300 K are extrapolated from the values
below 100 K and the comparison is made with an average of available MSD
data [21]. In spite of the difficulty in assessing the accuracy of experimental
and theoretical data, some qualitative properties are evident in Table 1.4. The
first-shell parallel correlation is much stronger in tetrahedral semiconductors
than in copper; the correlation is instead comparable for the outer shells.
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1.4 True and apparent bond expansion

Once the absolute values of the perpendicular MSRD of the first shell have
been evaluated, one can attempt to gain a better quantitative evaluation of
the difference between the true and apparent bond distances and thermal
expansions, as per (1.3). In Fig. 1.6, the true and apparent bond expansions
of GaAs and CdTe, evaluated with respect to the low-temperature crystallo-
graphic distance, are compared.

The values of the difference between true and apparent distances of some
systems at low and room temperature are listed in Table 1.5. The differences
depend on the extent of the perpendicular MSRD, and increase with the
decreasing of the perpendicular force constant k⊥ as well as with the increase
of temperature. The discrepancy between true and apparent distances should
be taken into account when calibrating EXAFS simulations against model
systems of known crystallographic structure. When accuracies of the order
of some 0.001 Å are sought, a calibration can be misleading if the effect of
perpendicular vibrations is neglected.

Table 1.5. Difference C1 −Rc (10−3 Å) between the nearest-neighbours bond dis-
tance measured by EXAFS and by Bragg diffraction at low and room temperature.
(The value for Ge at 300 K is erroneously quoted as 8×10−3 Å in Table 3 of Ref. [37])

.

T(K) Cu [17] Ge [16] GaAs [28] InP [36] CdTe [19]

10 1.3 1.5 1.6 1.2 1.8

300 3.8 3.9 5.8 9.5 11.5

0
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Fig. 1.6. First-shell true (symbols) and apparent (continuous line) bond expansions
for GaAs (left) and CdTe (right).
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1.5 Negative thermal expansion crystals

The sensitivity of EXAFS to local dynamics, in particular to vibrational
anisotropy, can be exploited to study the local mechanism at the origin of
negative thermal expansion (NTE) in some crystals. A number of tetrahedral
semiconductors (such as Si, Ge, GaAs, CdTe, InP, CuCl [47]) exhibit lattice
NTE within a restricted low-temperature interval, and some more complex
framework structures are characterised by lattice NTE within extended tem-
perature intervals [48–50].

According to the phenomenological approach of Barron [23], the net lattice
expansion is the result of a competition between two contributions: a) a pos-
itive bond-stretching contribution due to the anharmonicity of the effective
pair potential and b) a negative contribution due to tension effects connected
to atomic movements perpendicular to the bond. When the tension effects
prevail over bond stretching, the crystal exhibits NTE.

Conventional techniques, such as dilatometry and Bragg diffraction, are
sensitive only to the lattice thermal expansion, and cannot distinguish the
bond stretching from the tension effects. These two effects can be distinguished
by complementary EXAFS measurements: the temperature dependence of the
average distance 〈r〉 directly measures the positive bond expansion due to the
stretching effect, while the perpendicular MSRD is connected to the tension
effect.

Several crystals with different structures and characterized by differ-
ent NTE strengths have been recently investigated by EXAFS: diamond-
zincblende structures [16, 19, 21, 28], cuprite structures [26], delafossite struc-
tures [35]. The lattice thermal expansion is isotropic with respect to the crys-
tallographic axes in the cubic structures (diamond-zincblende and cuprite)
and anisotropic in the delafossite structure, where it is negative along the c
axis and positive in the perpendicular plane.

The EXAFS results confirm the possibility of distinguishing bond stretch-
ing from tension effects. For all considered systems, the bond thermal expan-
sion, measured by the first EXAFS cumulant, is always positive; moreover,
the stronger is the lattice NTE, the larger is the positive bond expansion.
Within each family of isostructural compounds (diamond/zincblende, cuprite,
delafossite) a stronger NTE corresponds to a smaller value of both parallel
and perpendicular effective force constants as well as to a larger value of the
relative vibrational anisotropy ξ.

According to EXAFS results, the bond stretching and tension effects can
be separately quantified but are nevertheless in some way entangled. When
the ionicity increases, the directional rigidity of the bond is reduced, the per-
pendicular effective force constant k⊥ decreases and the perpendicular MSRD
becomes larger. In a relatively open structure such as zincblende, larger vibra-
tions perpendicular to the bond make possible also larger parallel vibrations
(smaller parallel effective force constant k‖) and a larger bond expansion.
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It is of interest to compare the directional properties of the absolute
atomic vibrations, measured by Bragg diffraction, with those of the relative
vibrations, measured by EXAFS. The relative thermal ellipsoids are always
anisotropic with respect to the bond direction, even for cubic systems where
the atomic ellipsoids are spherical for symmetry reasons. In the layered de-
lafossite structures, Cu atoms belonging to a layer are linearly coordinated
to two O atoms along the c axis; the NTE along the c axis is connected to
the anisotropy of the thermal ellipsoids of Cu atoms, whose vibrations are
stronger within the plane normal to the c axis than along the c axis. Corre-
spondingly, also the relative vibrations of the Cu–O atomic pair monitored
by EXAFS are anisotropic, the ellipsoid being disc-shaped perpendicular to
the c axis [35]. The relative anisotropy measured by EXAFS for the Cu–O
pair is however larger than the anisotropy of atomic Cu vibrations. It seems
thus that the relative vibrational anisotropy is a more general property to be
connected to NTE than the absolute atomic anisotropy.
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